Compound I is best described as an S=1 iron(IV)oxo unit exchange coupled to an S=1/2 ligand-based radical. For EPR analysis, the Hamiltonian of this exchange-coupled system is (S1)
where S 1 =1 is the spin of the ferryl unit, S 2 =1/2 is the spin of the radical, J is the exchange coupling, and D is the zero field splitting.
The exchange coupling produces doublet and quartet states that are mixed by the strong zero-field splitting of the ferryl moiety. These interactions split the system into three Kramers doublets, only the lowest of which is populated and EPR active. As a result, the system may be modeled in an effective S=1/2 representation. The Hamiltonian for this representation being,
(S2)
The g-values of this effective representation can be shown to be functions of the ferryl gvalues, the radical g values, and the ratio of J/D. g || eff ≈ 2.0 is a weak function of J/D, but g € ⊥ eff is more diagnostic, reflecting the magnitude and nature of the electronic coupling.
(S3a,S3b,S3c)
III. Mössbauer Measurements, Spin Hamiltonian, and Data Fitting.
Mössbauer data were fit in the effective S=1/2 representation. The Hamiltonian in this representation is given by,
where g eff is the effective g tensor obtained by EPR, A eff is hyperfine tensor in the S eff representation, H Q is the nuclear quadrupole interaction of the I=3/2 excited state, and η=(V xx -V yy )/V zz is the asymmetry parameter. (S5) Mössbauer spectra were recorded on a spectrometer from WEB research (Edina, MN) operating in the constant acceleration mode in a transmission-geometry. Spectra were recorded with the temperature of the sample maintained at 4.2 K. The sample was kept in an SVT-300 dewar from Janis (Wilmington, MA), and a magnetic field of 54 mT was applied parallel/perpendicular to the γ-beam. The quoted isomer shifts are relative to the centroid of the spectrum of a metallic foil of α-Fe at room temperature. Data analysis was performed using the program WMOSS from WEB research.
IV. Kinetics Analysis.
The kinetics of the CYP119-I/substrate reaction are analyzed in terms of the following mechanism, where E* is P450-I, S is substrate, E*S is the P450-I/substrate complex, and EP is the ferric-enzyme/product complex. The rate constants are the second order rate constant for substrate binding to P450-I (k 1 ), the first order rate constant for nonproductive substrate dissociation from P450-I (k -1 ), and the first order rate constant for substrate oxidation by P450-I (k 2 ). Under pseudo first-order conditions the observed rate of substrate oxidation is given by(S6):
Insight into the variations of k app and the observed KIE's listed in Table 2 ), resulting in an apparent second order rate constant of k app = K eq k 2 . At higher concentrations (defined by [S] >> 1/K eq ), the system saturates and the observed rate approaches a limiting value of k obs = k 2 . Importantly-under the condition of rapid equilibrium-the observed isotope effect for all substrate concentrations is the full unmasked value, H k obs / D k obs = H k 2 / D k 2 . The second limiting case occurs when k 2 >> k -1 . In this scenario substrate oxidation is much faster than nonproductive substrate dissociation. Under these conditions, k obs reduces to Equation S7 .
Again, k obs varies linearly at low substrate concentrations, but now the apparent second order rate constant for substrate oxidation is equal to the rate constant for substrate binding, k app = k 1 . At higher concentrations, k 2 is rate limiting and the system saturates,
k obs = k 2 . Under the conditions of strong binding and rapid oxidation, KIE's can only be observed when the system is saturated.
The results of this analysis can now be used to explain the observed trends in KIE's. 
The preceding analysis assumes that there is no isotope effect associated with substrate binding (BIE). These effects are typically only on the order of BIE = 0.9-1.1,(S7) which is much less than the primary effect associated with C-H bond activation by a metal-oxo.
Assumption of pseudo first-order kinetics for lauric acid oxidation. A 10-fold excess of substrate cannot be achieved with lauric acid, as the reaction with CYP119-I is too rapid. In these experiments, we used a 2 to 7-fold excess of substrate. Included below is Table S1 . It provides the errors for assuming pseudo first-order kinetics under these conditions. Using MATLAB, chemical rate equations were integrated and kinetic traces were fit to 6.5 half-lives to obtain k obs . The actual second order rate constant was assumed to be k=1.0x10 7 M -1 s -1 . The theoretical error in the observed rate constant at each substrate concentration (i.e. the difference between the fitted k obs and k*[S]) spans from 9.8% for 2 equivalents to 3.6% for 7 equivalents. However, the theoretical error in the second order rate constant, obtained from fitting k obs vs [S] , is 1% ( Figure S12 ). This is significantly less than the ~ 10% error we report for the second order rate of lauric acid oxidation. Table S1 . Data from simulation of second order reaction. The second order rate constant was taken to be k=1.0 x 10 7 M -1 s -1 . Chemical rate equations were integrated and kinetic traces were fit to 6.5 half-lives using MATLAB. Although only a 2 to 7-fold excess of substrate was used, the error in the second order rate constant is ~1%. Figure S1 . Comparison of spectra taken before (t = 0s) and after (t = 4s) the exposure of ferric CYP119 to two equivalents of m-CPBA. The bleached absorbance of the ferric Soret and Q-bands indicates that a fraction of the enzyme has been destroyed during the full course of the experiment. The R Z of the ferric enzyme prior to exposure was 1.71 and the final R Z was 1.31, suggesting that 23% of the sample did not return to its intial state. This decay occurs in the later stages (>35 ms) of the experiment. Figure S2 . High-concentration stopped-flow experiment. A solution of 2.4 mM CYP119 (KPhos pH 7.0) was mixed with 1 equivalent of m-CPBA (final enzyme concentration 1.2mM), and UV/Visible changes were monitored after a 5ms dead time in a 0.8mm cuvette. The absorbance is 12.5 times less than that observed in a standard 10mm path length cell. Absorbances at wavelengths <500 nm could not be monitored. Maximum formation of P450-I (judged by the absorbance at 690nm) was obtained at ~ 18ms. Difference techniques suggest that ~50% P450-I is formed under these conditions. This experiment indicated that CYP119-I could be prepared at millimolar concentrations using freeze-quench techniques. Figure S3 . Mössbauer spectra of freezed-quenched CYP119-I sample at 4.2 K. Ferric CYP119 (3mM) was mixed with two equivalents of m-CPBA, and the aqueous reaction mixture was sprayed into liquid ethane (89K) 3.5 ms after mixing. The final protein concentration was 2.0mM. Liquid ethane was subsequently removed under vacuum in an isopentane bath (~120K), and samples for EPR and Mössbauer spectroscopies were packed under liquid nitrogen. A 54mT field was applied parallel to the γ-beam for spectrum A and perpendicular to the γ-beam for B. Contribution of 25% ferric enzyme to each spectrum is shown in black. Figure S5 . Gas chromatography-mass spectrometry (GC-MS) product analysis following addition of m-CPBA to a solution of ferric CYP119 and lauric acid. GC-MS reveals an approximately equal distribution of ω-1 and ω-2 hydroxylated product. Typical sample preparation involved adding 5 micromoles of m-CPBA to a solution containing 50 nanomoles of protein and 5 micromoles of substrate buffered at pH 7 (100 mM KPhos). Addition of HCl quenched the reaction and products were extracted with ethyl acetate. The organic phase was dried, filtered, and evaporated. Product was dissolved in 200uL of 2:1 benzene:methanol and esterified by addition of 20 micromoles of trimethylsilyldiazomethane. Samples were run on a Shimadzu GCMS QP5000 using a DB23 (60.0 m x 0.25 mm) column. Figure S6 . Fitting of integrated CPO-I EPR data (A) in the exchange coupled representation and (B) in the effective S=1/2 representation. Derivative spectrum was obtained at 8K using 203mW microwave power, 5.0 G modulation amplitude. During our analysis of CPO-I, we found that fits of absorption data (i.e. the integrated derivative spectrum) were better behaved than fits of the derivative spectrum. Integration of the spectrum also made it easier to distinguish between a slowly decaying spectral tail and variations in the background. Figure S7 . Fitting of integrated CYP119-I EPR data (A) in the exchange coupled representation and (B) in the effective S=1/2 representation. During our analysis of CPO-I, we found that fits of absorption data (i.e. the integrated derivative spectrum) were better behaved than fits of the derivative spectrum. Integration of the spectrum also made it easier to distinguish between a slowly decaying spectral tail and variations in the background. Chemical rate equations for a second order reaction were integrated using MATLAB. Exponential fits of the concentration profiles provided k obs , which are plotted against substrate concentration. "Reactions" were run with 2 to 7 equivalents of substrate. The best-fit line provides a second order rate constant of 9.9 x10 6 M -1 s -1 . The actual rate constant was 1.0 x10 7 M -1 s -1 . The error for assuming pseudo first-order kinetics is 1%. k obs (obtained from fitting simulation) vs. substrate concentration. Chemical rate equations for a second order reaction were integrated using MATLAB. Exponential fits of the concentration profiles provided k obs , which are plotted against substrate concentration. "Reactions" were run with 2 to 7 equivalents of substrate. The best-fit line provides a second order rate constant of 9.9 x10 6 M -1 s -1 . The actual rate constant was 1.0 x10 7 M -1 s -1 . The error for assuming pseudo first-order kinetics is 1%.
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